Anatomic variations in skull morphology have been previously described for brachycephalic dogs; however there is little published information on interbreed variations in tympanic bulla morphology. This retrospective observational study aimed to (1) provide detailed descriptions of the computed tomographic (CT) morphology of tympanic bullae in a sample of dogs representing four brachycephalic breeds (Pugs, French Bulldogs, English Bulldog, and Cavalier King Charles Spaniels) versus two mesaticephalic breeds (Labrador retrievers and Jack Russell Terriers); and (2) test associations between tympanic bulla morphology and presence of middle ear effusion.
INTRODUCTION
Brachycephalic dogs have become increasingly popular as pets and multiple clinical problems have been attributed to their skull morphology. [1] [2] [3] [4] [5] [6] [7] Complex groups of anatomical anomalies have been associated with their congenitally shortened skull bones and relative hypertrophy of soft tissue structures within the head. 1 The increasing use of cross-sectional imaging during diagnostic evaluations of brachycephalic dogs has expanded the list of anatomical anomalies to include stenotic nares, elongated soft palate, tracheal hypoplasia, abnormalities of the nasal turbinates, increased mucosal contact points, miniscule or absent frontal sinuses, ventral orientation of the olfactory bulb (craniofacial angle), thickening of the soft palate and gastroesophageal disease. [1] [2] [3] [4] [5] [6] [7] Middle ear effusion has also been reported to be a common finding in cross-sectional imaging studies of the head in brachycephalic dog breeds. 2, 8, 9 The authors have commonly observed middle ear effusion and interbreed variations in size, shape, and position of the tympanic bullae and thickness of the bulla wall on computed tomography (CT) examinations of brachycephalic dogs at our hospital. Aims of the current study were to provide more detailed descriptions of these morphologic variations in groups of dogs representing brachycephalic and mesaticephalic breeds; and to test hypotheses that morphologic characteristics will differ between breeds and that tympanic bulla morphology is associated with presence of middle ear effusion.
of the author's hospital between July 2008-August 2015. Brachycephalic dogs were considered for inclusion if they were pure-bred, greater than 1 year of age at the time of the study and had CT scans of the head. Four major brachycephalic breeds were identified during the initial review and cases were then collected until there was an even number of dogs in each group. Mesaticephalic dogs were selected for inclusion if they were pure-bred Labrador retrievers or Jack Russell terriers, had CT scans of the head, and had no evidence of head trauma, clinical ear disease, or aural neoplasia. Patient history and clinical findings were recorded for all dogs meeting these initial inclusion criteria.
Computed tomographic scanning techniques
As part of the inclusion criteria, all CT scans had been acquired using a 
Qualitative computed tomography evaluation techniques
For dogs meeting the initial inclusion criteria, archived CT images were retrieved from the hospital's picture archiving and communications system (PACS) and evaluated by a first year resident (B.M.) after consultation with a board-certified veterinary radiologist (R.L.).
Images were reviewed on a computer workstation (iMac, 27 Inch Monitor, Apple, CA) using commercially available DICOM image viewing software (OsiriX 64-bit, version 6.1, Pixmeo, Switzerland). Measurements were obtained parallel to the long-axis of the skull (Fig. 2 ) from the prosthion to the rostral internal tympanic bulla (PRTB), caudal internal tympanic bulla (PCTB), and the medial temporomandibular joint (PTMJ). Relative location was calculated to compensate for variation in size among the breed types used in this study, by computing indices for the above parameters in analogy with the previous reported technique. 3 The following formulas were used weight data for all dogs in the study population were presented as mean and range. Normality of data was assessed by Shapiro-Wilk's test (P < 0.05). Tympanic bulla width:height ratio, tympanic bulla thickness, rostral tympanic bulla location, caudal tympanic bulla location, temporomandibular joint location and overlap, and tympanic bulla volume:weight ratios were compared among all breeds by one-way analysis of variance (ANOVA). Post-hoc analysis based on homogeneity of variance (Tukey-Kramer and Games-Howell) was used to identify variations in anatomy between brachycephalic breeds and mesaticephalic breeds. These results are presented as mean ± standard deviation with 95% confidence intervals. Independent sample t-tests were used to identify variation in the mean thickness of brachycephalic breeds with TA B L E 1 Weight, sex, age, and skull index characteristics for the sampled dog breeds Note. Values are presented as mean ± standard deviation. Superscript letters represents significant differences between breeds (P < 0.05).
Quantitative computed tomography evaluation techniques
presence and absence of middle ear effusion. Values were considered significant at P < 0.05 for all tests.
RESULTS
Age, sex, and weight distribution data for sampled dogs are presented in Table 1 Calculated ratios based on measurements of skull width and length (skull ratio) are also presented in Table 1 . Internal dimensions (width and height) of the tympanic bulla are reported in Table 2 . Tympanic bulla wall thickness (mm), tympanic bulla:temporomandibular joint overlap measurements (% skull length) and presence of effusion are reported in Table 2 as well. The width-height ratio (Internal) for Cavalier King Charles Spaniels was significantly different from that of all other breeds, reflecting a flatter bulla shape ( Fig. 3 and Table 2 ). French to 0.45), respectively. This finding is illustrated in Figure 4 and numerically summarized in Table 2 . Table 2) . Presence of middle ear effusion was not significantly associated with any of the CT morphometric parameters.
DISCUSSION
This study describes the morphology of the tympanic bullae in brachycephalic dogs using multiple CT measurement methods, highlighting variations in shape, size/volume, and position. Of particular note were the increased dorsoventral flattening of the tympanic bulla in Cavalier King Charles Spaniels, increased thickness of the bulla wall of French Bulldogs, and English Bulldogs and the increasingly rostral location of the tympanic bulla with increasing skull index, most noticeable in French Bulldogs and Pugs (Fig. 4) . These findings suggest that tympanic bulla morphologic variations (here collectively referred to as "tympanic bulla malformation") should be added to the list of brachycephalic phenotypic traits. In analogy with children with craniofacial distortions, tympanic bulla malformation possibly develops due to early fusion of the ventral skull base articulation. 10 Cavalier King Charles Spaniels represent a unique subset of brachycephalic animals as they were found to have significantly flatter tympanic bullae (defined by width: height ratios) than other brachycephalic breeds. There was a high percentage of Cavalier King Charles Spaniels with soft tissue attenuating material in the middle ear (68%), which may have falsely reduced the internal measurements obtained, increasing width: height ratio (internal) artifactually. 11 However, given the fact that the lower bound of the 95% confidence interval measurements for Cavalier King Charles Spaniels (width:height ratio (internal)
1.47−1.65)) was greater than the upper bound for all breeds (except the French Bulldog which also had a high percentage of material in middle ear (80%) ( Tables 1 and 2 )), authors believe it is likely that these measurements represented real changes present in this breed. Cavalier King Charles Spaniels have been described to have a unique disease resulting in the formation of a buildup of highly viscous mucus within the middle ear (primary secretory otitis media or otitis media with effusion) of dogs without clinical evidence of otitis externa. 8, 12 It is thought that, due to a lack of inflammation or signs of infection in the middle ear, the disease is due to auditory tube dysfunction based on possible anatomical changes of the middle ear or the auditory tube. 8 The finding of an anatomical variation in the shape of the tympanic bulla of Cavalier King Charles Spaniels (Table 2 and valid. Additionally, a recent study also found that the tympanic bulla walls in three brachycephalic breeds (Pug, French Bulldog, and English Bulldog) were significantly thicker than that of controls. 13 The findings in the latter study related to bulla wall thickness (a mean of 2 mm in the brachycephalic breeds vs. a mean of 1 mm in control dogs) are similar to the measurements that we recorded for the French Bulldog While we were unable to identify a significant association between CT morphometric findings and middle ear effusion in the current study, the authors propose that structural and morphological malformations of the tympanic bullae of brachycephalic dogs may be an important factor in the predisposition of this phenotype to auditory tube dysfunction and subsequent fluid accumulation within the middle ear. Otitis media in humans has been linked to brachycephalic type cephalometric measurements and has been shown to decrease in prevalence with maturity due to changes in auditory tube orientation. 10 Fluid can accumulate in the middle ear of humans due to dysfunction of the auditory tube. 15 Experimentally, this process has been induced in cats and dogs following auditory tube ligation. 16 Otitis media in the latter species has also been associated with upper respiratory tract infection, palatine defects, and with primary ciliary dyskinesia, in which auditory tube dysfunction was proposed to play an important role. [17] [18] [19] Changes in the structural characteristics of the soft palate, nasopharynx, and pharynx in dogs have previously been linked to the incidence of middle ear effusion. 1, 2 We suspect that skeletal variations could contribute to an alteration in the path of the auditory tube and that increased mucosal swelling and mucosal redundancy of the auditory tube lining subsequently predispose brachycephalic breeds to the development of middle ear effusion. 1, 2 There are several limitations inherent to the current study. 
